Abstract This paper reports a morphometric study of the C2 laminae to provide quantitative anatomical data for safe crossing laminar screw placement. A valid trajectory is essential for C2 crossing laminar screw placement. Although several clinical technique notes and modifications to define a safe screw trajectory have been introduced in the recent years, no morphometric analysis has been performed to confirm the accuracy of screw trajectory using this technique. In this study, morphometric analysis was performed on 100 Korean C2 three-dimensional reconstruction CT images. The reconstructive C2 vertebrae from the post-edge of the spinal canal to the spinal process were divided into several zones, 1 mm each. Each zone was chosen as the entry point to imitate a crossing laminar screw (3.5 mm diameter) placement. In each 1-mm zoned trajectory, the screw pass ratio (PR), safe screw angle range (SAR) and maximum screw length (MSL) were measured and compared with the data from the other zoned trajectories. The zone '5-6 mm posterior to the post-edge of the spinal canal' was found to be a more feasible and safer entry point for guiding a crossing laminar screw placement than the other zones because this zone could provide a trajectory with maximal PR (85%), SAR (9.57 ± 4.368) and a larger MSL (21.74 ± 2.44 mm) than the other areas. The recommended safe screw angle in the axial plane is 49.68 ± 4.94 to 59.19 ± 4.708. However, the screw angle can vary considerably according to the individual variance. A preoperative evaluation of the screw trajectory is essential for safe screw placement using this technique.
Introduction
The C2 crossing laminar screw technique reported by Wright [24] in 2004 is a relatively new method for upper cervical fixation. Compared to transarticular screw (Jeanneret and Magerl) [9] and pedicle screw techniques, this method can provide similar stability to the atlantoaxial complex [5, 12, 13] , which is considered to be simpler and safer due to the less intraoperative exposure and minimal risk of vertebral artery injury [2, 3, 8, 15, 24] . Subsequent morphological studies reported the applicability of this technique in different populations and showed that this method could be applied safely in most of the specimens they studied [2, 7, 11, 19, 22] . With increasing number of reports of its successful clinical applications, the C2 crossing laminar screw technique is believed to be a safe and effective method for upper cervical surgery [6, 16-18, 20, 21, 23] .might violate the inner laminar cortex and screw into the spinal canal [1, 23, 24] . Although no acute neurological injuries during surgery have been reported, an intrusion of the screw into the spinal canal can cause a loss of fixation strength and reduce the capacity of the spinal canal, which might result in postoperative cervical instability or long term neurological complications. However, the operators can only check the screw's deviation on the postoperative CT scans because intra-operative fluoroscopy or X-ray is not helpful for determining screw placement [14] . Minute morphometric analysis on the screw trajectory could be helpful by providing quantitative data to guide safe screw placement using this technique.
Materials and methods
One hundred Korean C2 vertebrae were selected randomly from the Digital Korean Human Model database (Korea Institute of Science and Technology Information, Daejeon, Korea). The demographic information was available for each specimen, including age, gender and height measurements of all cadavers. Fifty specimens were obtained from men, whose average age and height was 50 (21-60) and 165.8 (160-176) cm, respectively. The other 50 specimens were obtained from women, whose average age and height was 54 (27-60) and 156.2 (146-166) cm, respectively. All the measurements were conducted on threedimensional reconstruction samples on a computer using image-based three-dimensional modeling software (Mimics Ver. 13.0, Materialise, Belgium).
The C2 vertebrae from the post-edge of the spinal canal to the spinal process were divided into several zones, 1 mm each. In each zone, imitations of 3.5 mm diameter screw placement were performed by crossing the bilateral C2 laminae (Fig. 1) .
Several zoned trajectories were obtained for each specimen. The screw pass ratio (PR) for the 3.5 mm diameter screw to pass through the mid-lamina (PR), safe screw angle range (SAR) (Fig. 2) and maximum screw length (MSL) (Fig. 3) were measured in every zoned trajectory.
Statistical analysis was performed using unpaired Student's t tests to analyze the PR, SAR and MSL differences in the different zoned trajectories.
Result
Since 18% specimens in this study had spinal processes \ 8 mm, morphometric analysis was performed on the first seven zoned trajectories (entry points from 1 to 7 mm posterior to the post-edge of the spinal canal).
The 0-1 mm, 1-2 mm zoned trajectories could not allow 3.5 mm diameter screws to pass through the mid-laminae safely. The 2-3 mm zoned trajectory only had a 54% PR with a minimal SAR of 3.74 ± 1.798 and MSL of 14.73 ± 1.30 mm. The 3-4 mm zoned trajectory had a SR, SAR and MSL of 71%, 4.59 ± 1.718 and 15.28 ± 1.32 mm, respectively. The 4-5 mm zoned trajectory had a SR, SAR and MSL of 77%, 7.62 ± 3.668 and 19.14 ± 2.57 mm, respectively. The 6-7 mm zoned trajectory had a SR, SAR and MSL of 81%, 8.03 ± 4.108 and 21.92 ± 2.37 mm, respectively. The maximum PR (85%) and SAR (9.57 ± 4.368) were observed at the 5-6 mm zoned trajectory with a larger MSL (21.74 ± 2.44 mm) than the other zoned trajectories except for the 6-7 mm zoned trajectory. Obvious differences were observed in the PR and SAR measurements in the 5-6 mm zoned trajectory compared to the other zoned trajectories (p \ 0.01). There were obvious differences in the MSL comparisons between the 5-6 mm zoned trajectory and the other zoned trajectories except for the 6-7 mm zoned trajectory (p \ 0.01) ( Table 1 ). The safe screw angle was found to show significant individual variations.
Discussion
Anatomical studies have examined the applicability of the C2 crossing laminar screw technique by performing morphometric analysis of the C2 laminae. Cassinelli et al. [2] measured the laminar thickness (LT) in the narrowest laminar section in American populations and reported that more than 70% of the specimens they studied had a LT [5 mm. Several other scholars examining the LT in Korean, Chinese and Turkish populations [7, 11, 19] came to similar conclusions: most of the specimens they examined had a LT larger than the diameter of the commonly used cervical screw (3.5 mm). Although the minimum laminar thickness required to allow for safe placement of a screw was not described, there is a common idea that a thickness [5 mm with a precise screw trajectory may be acceptable [2, 22] .
Clinicians have concentrated on a screw trajectory study and introduced several technique notes and modified the methods for defining the safe screw trajectory. Wright [24] described in his initial papers, a parallel screw trajectory to the downslope of the dorsal aspect of the contralateral lamina. Cassinelli [2] recommended a slightly more dorsal trajectory that may result in slight penetration into the dorsal cortex. Andrew [1] described a modification by drilling an 'exit window' at the facet laminar junctions. Kabir [10] introduced a modified entry point on the 'removed spinal process basis' and the application of a three-dimensional navigation system [4] . However, these descriptions were based on clinical experiences. Quantitative data on the accuracy of the screw trajectory using this technique is still lacking.
A screw trajectory is composed of two parts: an entry point and a screw angle. Since different entry points can generate different screw angles, the first step for trajectory analysis should be the location of a feasible and precise entry point. The initial entry point suggested by Wright, 'lamina/spinal process junction, which is close to the rostral margin of the lamina' [24] , is not a constant and precise anatomical location, and there may be difficulties in locating it in some cases (Fig. 4 ). Kabir's modified entry point at the 'removed spinal process basis' might make the screw graft placement procedure more convenient. However, both entry points lack quantitative data to Values are mean ± SD PR pass ratio, SAR safe angle range, SA screw angle (in the axial plane), MSL screw length in the middle of safe angle demonstrate their accuracy for guiding a safe screw trajectory. In this study, every millimeter zone of the posterior part of the C2 vertebrae was tested for 3.5 mm diameter screw placement using the crossing laminar method. Three parameters were used to examine the accuracy of different zoned entry points for guiding a valid screw trajectory: 1. Pass Ratio (PR): Because there is no description regarding the minimal screw length for crossing laminar fixation, it was presumed that the screw should pass through at least half of the laminar length to provide sufficient fixation strength to the atlantoaxial complex. Under this limitation, the screws guided in the 0-1 mm and 1-2 mm zoned trajectories were found have deviated into the spinal canal. The 2-3, 3-4, 4-5 and 6-7 mm zoned screws had a PR of 54, 71, 77 and 81%, respectively. The maximal PR was observed at the 5-6 mm zoned screws (85%). The zone 5-6 mm posterior to the spinal canal had a higher success rate for guiding screw placement with safety than the other zones.
2. Safe Angle Range (SAR) was defined from the minimal safe angle for the inner laminar cortex (margin of the spinal canal) to the maximum safe angle for passing the outer mid-lamina cortex. In this angle range, the screw could pass through at least a 1/2 laminar length without deviating into the spinal canal. The 5-6 mm zoned trajectory had a larger SAR (9.57 ± 4.368) than the other zoned trajectories (2-3 mm: 3.74 ± 1.798; 3-4 mm: 4.59 ± 1.718; 4-5 mm: 7.62 ± 3.668; 6-7 mm: 8.03 ± 4.108). The screw trajectory guided in this area could be safer than in other areas due to a larger safe range for adjusting the screw angles.
3. Maximal Screw Length (MSL) is the maximal screw length that can be obtained in the screw trajectory. A trajectory with a larger MSL may provide better fixation strength to the atlantoaxial complex. The MSL in the 5-6 mm zoned trajectory (21.74 ± 2.44 mm) was larger than the MSL in the other anterior zoned trajectories. Although it was slightly smaller than the MSL in the 6-7 mm zoned trajectory (21.92 ± 2.37 mm), the statistical comparison showed no obvious difference between them.
Zone 5-6 mm posterior to the spinal canal was recommended as a more feasible and safer entry point due to the maximum PR, SAR and a larger MSL. The recommended safe screw angle was 49.68 ± 4.94 to 59.19 ± 4.708 in the axial plane. However, the safe angle range can vary considerably according to individual variance. Therefore, preoperative evaluations on MRI and three-dimensional CT images to adjust the screw angles will be essential for safe screw placement using this technique.
In addition, the PR (the screw PR for the 3.5 mm diameter screw to pass through the mid-lamina) was a theoretical datum for evaluating the accuracy of the different trajectories. It may be larger than the actual success ratio of this technique because the latter must consider the laminar tolerance of the screw. In addition, the actual screw insertion should be as deep into the C2 lamina as possible in order to obtain better fixation strength, not only passing through the mid-lamina length.
There were some limitations of this study. All specimens were selected randomly from the Digital Korean Human Model database, and only Koreans were examined. Therefore, trajectory analysis for general population is still unknown. The screw angle measurement was performed only in the axial plane. Although the screw angle in the coronal plane is not as important to the operators as it is in the axial plane, irregularities of the laminar sections in the coronal plane might cause a further decrease in the PR for safe screw fixation.
Conclusion
Quantitative trajectory analysis confirmed zone 5-6 mm posterior to the spinal canal to be a feasible and safer entry point for C2 crossing laminar screw fixation. This might Fig. 4 The initial entry point may be difficult to locate in some cases. a 'Lamina/spinal process junction (yellow arrow), close to the rostral margin (blue arrow) of the lamina', mentioned by Wright. b In this case, the 'lamina/spinal process junction' and 'rostral margin of the lamina' were at different levels. c In this case, the entry point was difficult to locate by Wright's description because there is no an obvious boundary between the lamina and spinal process. The rostral margin is difficult to follow Eur Spine J (2010) 19:828-832 831 provide useful guidelines for locating a valid entry point for a safe screw placement. The recommended safe screw angle was 49.68 ± 4.94 to 59.19 ± 4.708 in the axial plane. Since the safe screw angle varied considerably according to individual variance, a preoperative evaluation for adjusting the screw angle is recommended for safe screw placement using this technique.
